Introduction
Pressure prediction in basin models is strongly dependent on the permeability evolution of tight rocks (shales, tight carbonates) that may create pressure compartments (Burrus et al., 1996; Nordgård Bolås et al., 2004) . Although a vast literature exists describing natural fractures in reservoir rocks (Stearns and Friedman, 1972; Nelson, 1985; Engelder et al. 1997; Sassi et al., 2012) much less attention has been traditionally paid on fracture occurrences in shaly successions. More recently, the development of natural fractures within organic-rich shale formations has become a fertile field of investigation (Curtis, 2002; Gale et al., 2007; Engelder et al., 2009; Gale and Holder, 2010) , due to the rising interest of shale exploration in unconventional gas and oil plays. The assessment of natural fracturing in shale plays is desirable for predicting prospect quality and for developing methodologies for petroleum system modeling to quantify the "fracture risk" associated with specific pressure regimes.
Several processes are known to generate overpressures and consequent fracturing within these lithologies. The conversion of organic matter to hydrocarbons may increase fluid volume and induce pressure buildup (Ungerer et al., 1983; Law and Dickinson, 1985; Spencer, 1987; Barker, 1990; Burrus, et al., 1996; Fall et al., 2012) . Fracturing may also be related to the imposed tectonic stress at different times of the basin history (Sibson, 2003; Evans et al., 2012) or by common diagenetic processes (Olson et al., 2009) . In particular, during passive margin stages vertical loading may lead to water expulsion and disequilibrium compaction (Osborne and Swarbrick, 1997) , whereas during burial, overpressure may be induced by dewatering of montmorillonite-rich clays (Powers, 1967; Bruce, 1984) and smectite to illite transformation (Freed and Peacor, 1989; Van de Kamp, 2008) .
Regardless of the fracture origins, subsequent pressure release may induce mineral cementation, whose petrographic and geochemical features may help in discriminating among the different genetic mechanisms. Once the fractures are sealed, they are no longer a pathway for fluid-flow (Laubach, 2003) . However, the cement host rock interfaces are commonly weaker than the intact host rock, and may provide planes of weakness that reactivate, which in turn can affect hydraulic stimulations of shales (Gale and Holder, 2010; Walton and McLennan, 2013) . Understanding the timing, burial depth and genetic mechanism for natural fracture creation in shales, as well as the nature of the fluids precipitating the sealing minerals may therefore be relevant in basin and reservoir studies that aim to predict the distribution of fracture patterns and the consequent evolution of porosity/permeability through time. Recent works addressed to such issues in fractured reservoirs (i.e. Ficher et al., 2009; Fitz-Diaz et al. 2011; Barbier et al., 2012; Evans et al., 2012; Beaudoin et al., 2014) . A few studies focusing on petrography and geochemistry of mineralized fractures in shales also exist (i.e. Al-Aasm et al., 1992; Evans, 1995; Budai et al., 2002; Michaels, 2011; Pommer et al., 2013) : they mainly focus on fluid characterization issues (temperature, salinity, isotope composition, hydrocarbon types), and to a lesser extent on fracture timing with respect to the host rock burial history.
The Mississippian Barnett Shale from the Fort Worth Basin (FWB; Texas, USA), consisting of organic-rich shales and limestones, hosts the largest gas fields of North America (Montgomery et al., 2005; Pollastro, 2007) . Previous studies characterized fractures from the Barnett Shale in terms of orientation, size, aperture and mechanic properties (Bowker, 2003; Gale et al., 2007) . In this contribution we present a study of sealed fractures from the Barnett Shale of the Fort Worth Basin which aims to: 1) Characterize the phases occurring in mineralized fractures (veins) from samples having experienced different burial histories; 2) Establish a paragenesis to relate the timing of fracture formation and cement sealing with the burial history of the basin; 3) Contribute to the understanding of the mechanisms causing fracture formation in shales; and 4) Discuss the potential of this kind of study for assessing "natural fracture risk" in petroleum system modeling.
For such a target, samples of sealed fractures (veins) from both cores and outcrops were investigated using a multidisciplinary approach including macro-and micro-facies analyses, fracture cement petrography by optical, UV-light and cathodoluminescence (CL) microscopy, Fluid Inclusion (FI) microthermometry, as well as oxygen (O) and carbon (C) stable isotope analysis. Results from fracture characterization were inserted into the framework of a reconstructed burial history for the FWB, thus constraining fracture development in time and space, and allowing discussion of mechanisms of fracture formation and fluid origin.
Geological setting
The Fort Worth Basin (FWB) located in Texas (USA) represents one of several foreland basins formed during the late Paleozoic Ouachita orogeny (Walper, 1982; Thompson, 1988) .
It is bounded by the Bend arch, the Red River and Muenster arches, the Ouachita thrust and the Llano paleohigh (Fig. 1) . The sedimentary fill in the FWB (Fig. 2 ) reaches a maximum thickness of about 4000 m along the Muenster arch.
From Cambrian to Late Devonian, the FWB sedimentation is characterized by fluvial siliciclastics to shallow marine carbonates (Turner, 1957; Burgess, 1976) . Among these deposits, the Ellenburger Group carbonates formed on a broad epeiric platform, which later underwent prolonged exposure and extensive karst development (Kerans, 1988) . The Mississippian (Fig. 2) is recorded by the Chappel Limestone and the Barnett Ma) which overlie the major unconformity developed on top of the Ordovician Ellenburger Group and Viola Limestone (Fig. 2) . The Mississippian sediments record the transition of the passive margin towards an active margin setting and the overall flooding of the basin (Henry, 1982; McBee, 1999) . These lithologies consist of shallow marine limestones (Chappel Limestone), passing laterally to outer ramp black shales (Barnett Shale).
Following a major collision, the Pennsylvanian (Fig. 2) records the foreland evolution of the FWB (Henry, 1982; McBee, 1999) and is characterized by a dramatic increase of the sedimentation rate and progressive change from carbonate to siliciclastic lithologies.
A few remnants of the Permian deposits exhibit complex facies changes from carbonate to siliciclastics. Triassic and Jurassic deposits are not preserved, whereas Cretaceous deposits correspond to the last sedimentation evidence of a major unconformity (~130 Ma).
The Barnett Shale was thus deposited over a period of 25 Ma recording the transition from an uplifted area (Siluro-Devonian) towards a foreland (Pennsylvanian). It is thickest near the Muenster Arch (over 350 m) and thins to less than 35 m at the Bend Arch and the Llano Uplift ( Fig. 3) , where sections are exposed (Grayson et al., 1991; Montgomery et al., 2005) .
The Barnett Shale is informally subdivided into the Lower and Upper Barnett (Fig. 3) , which are separated in the North-East of the basin by the Forestburg Limestone ( Fig. 3 ; Bowker, 2003; Montgomery et al., 2005; Pollastro et al., 2007) . The Barnett Shale is mainly composed of dark silica-carbonate-rich mudstones with high organic matter content, although it can be heterogeneous with respect to the relative amounts of the different components, and facies with phosphatic and pyritic hardgrounds or eogenetic carbonate concretions are also common.
Silica is mostly detrital though local silica sources were radiolarians and siliceous sponges.
Carbonate content (depositional and diagenetic) is highly variable reflecting changes in source area, sea level rise and seawater chemistry. Details of the lithofacies, mineralogy, lateral facies variation, stratigraphic architecture and depositional environment are well documented in literature (Ross and Ross, 1987; Papazis, 2005; Hickey and Henk, 2007; Loucks and Ruppel, 2007; Monroe, 2007; Singh, 2008; Abouelresh and Slatt, 2012; Milliken et al., 2012) . The Barnett Shale is the primary source rock for oil and gas produced from various Paleozoic reservoirs of the FWB. Present TOC ranges from 2 to 13 % (Montgomery et al., 2005; Jarvie et al., 2007) . The highest values refer to samples from the Llano Uplift, whereas the lowest values are recorded in the north-eastern of the basin, i.e. where the rocks are thermally immature and mature, respectively (see isoreflectance maps in Mongomery et al., 2005 and Romero-Sarmiento et al., 2013 . Indeed, gas rich areas are found along the Ouachita thrust front and the central Muenster Arch (R o >1.1 %), whereas oilrich zones are concentrated to the north and west of the basin (R o <1.1 %) (Fig. 1) .
The Barnett lithologies underwent multiple heating episodes during burial, including hydrothermal heating, and their burial history across the FWB was reconstructed by different authors (Jarvie et al., 2001; Montgomery et al., 2005; Ewing, 2006) . According to the most recent model a rapid subsidence during the Pennsylvanian and Permian times with a maximum burial during the Triassic was followed by significant uplift and erosion during the Jurassic and Tertiary (Ewing, 2006) . The main phase of hydrocarbon generation began in the Permian, before the maximum burial at the Permian-Triassic boundary, and peaked during the Triassic (Jarvie et al., 2001; Montgomery et al., 2005; Ewing, 2006; Pollastro et al., 2007) .
Dataset and Methods
Natural fractures were collected from both outcrops and cored intervals of the Barnett Shale and associated lithologies from the FWB ( Fig. 1 and 3 ). Organic maturity data and maximum burial depths for the sampled locations are known from literature (Mongomery et al., 2005 Moretti et al. 2012; Romero-Sarmiento et al. 2013) . Outcrop sampling was accomplished at the San Saba quarry (N31°09'59.6'' and W098°41'24.8'') from the Llano Uplift in the San Saba County ( Fig. 1 and 3) , where the exposed Upper Barnett Shale is immature (R o of 0.5-0.7 %; Fig. 1 ) and experienced only a moderate burial (>2 km).
Subsurface samples were collected from two cored intervals. The first core was from Well A in Hamilton County ( Fig. 1 and 3) , having experienced heating within the oil window (R o of 0.7-0.9 %; Fig. 1 ) and a relatively deep burial (>3 km); samples were collected from the Lower and Upper Barnett Shale as well as the underlying Ellenburger Group carbonates. The second core was from the United Texas 1 Blakely well in Wise County ( Fig. 1 and 3 ) having experienced deeper burial (>4 km), and heating within the oil-gas window (R o of 0.9-1.2 %; Fig. 1 ), since it was closer to the basin depocentre and to the structures related to the Ouachita thrust belt loading ( Fig. 1 and 3) . Here the sampled lithologies include the Lower and Upper Barnett as well as the Forestburg Limestone.
Thin sections (30-35 µm thick) were prepared for conventional and cathodoluminescence (CL) microscopy. Thin section petrography was done on a Nikon ECLIPSE LV100 POL. The device used for cold CL is a Technosyn 8200 Mark II (OPEA). Double-polished thick sections (100-120 µm thick) were prepared for Fluid Inclusion (FI) petrography and microthermometry. Different FI assemblages were distinguished based on their location within the crystals, e.g. crystal cores, growth zones, along trails, isolated.
Microthermometry was carried out with a Linkam MDS 600 stage, calibrated with synthetic FIs and mounted on a Nikon LV100 Eclipse, with a 100 W Mercury vapor lamp which allowed UV-light observations. The Linksys 32 software enabled all the operations for FI microthermometry. The measurement accuracy was of 1 and 0.2 °C for heating and cooling runs, respectively. In order to avoid including in the dataset homogenization temperatures (T h ) from stretched or reequilibrated FIs, especially in soft minerals like calcite, heating runs were accomplished before cooling runs and only inclusions within the same field of view were measured in order to record any sudden change in liquid/vapor ratios due to deformation.
Furthermore, T h measurements (always to liquid) were repeated twice when temperatures diverged from those acquired in the same FI assemblage. The data were discarded from the dataset if the second measurement exceeded the first by more than 5 °C. Salinities were calculated from final melting of ice (Tm i ) in the binary H 2 O-NaCl system (Bodnar, 1993 C. Oxygen isotope values of dolomite were corrected for phosphoric acid fractionation by using the factor given by Rosenbaum and Sheppard (1986) .
Basin modeling was accomplished with the software TemisFlow ® from Beicip-Franlab. The basin structural evolution was reconstructed using backstripping techniques together with compaction, pressure and thermal maturation data. Temperature was computed using heat flow at the base of the sedimentary pile, adjusted to match public Rock-Eval and vitrinite reflectance data. The model from Ewing (2006) was taken into account to reconstruct the FWB burial history (for details see Moretti et al., 2012 and Romero-Sarmiento et al., 2013) .
Macroscopic observations
Fractures are commonly described and distinguished using the concept of sets, with orientation being an important property in defining the sets. In this study fracture orientation is not known in the cores (Table 1) so that sets cannot easily be defined or compared. We therefore use the term 'types' to indicate fractures with common morphological and sealing characteristics but with unknown orientation character. In some cases there is more than one set (orientation) for a given type. We use the term 'generations' in the interpretation section to refer to fractures formed due to different mechanisms at different times. Different generations of fractures are distinguished using isotope composition and FI data tied to burial history.
Fractures from the San Saba quarry (San Saba County)
The Upper Barnett Shale cropping out at the San Saba quarry accounts for 11 meters of section, transitional towards the top to the Marble Falls limestones and consists of weathered mudrocks with carbonate concretions and limestone beds. The stratigraphy of the section is reported in Singh (2008) , whereas details on the collected samples are in Table 1 . sets of calcite-sealed fractures with mutually crosscutting relationships, making them broadly synchronous, were sampled. One set is oriented 118°/86° S (sample BS1) and the other is oriented 053°/90° (sample BS3). The more common gypsum-filled fractures (Fig. 4C ) postdate the calcite-filled ones, occur in the most clay rich facies (siliceous shale, according to the macro-and micro-facies analysis) and are best developed at the southeastern end of the quarry. Two main sets were recognized with mutually crosscutting relationships; the most common is shallow dipping and almost parallel to bedding (100°/15° N; sample BS5), whereas the less common is sub-vertical with strike N065 (sample BS6) or high-angle with strike N070 to N120.
Fractures from Well A core (Hamilton County)
Macro-facies analysis of the Well A vertical core (66 m long, from the uppermost Ellenburger
Group to the lowermost Marble Falls) together with micro-facies analysis of 30 thin sections allowed distinction of ten different lithofacies (Rohais and Gasparrini, 2011; Rohais et al., 2013) . About 60 Rock-Eval pyrolysis analyses were made by Moretti et al. (2012) . The samples investigated in this study (Table 1) 
Fractures from the Blakely core (Wise County)
The sedimentology, stratigraphy and microfacies analysis of the Blakely core is described in Loucks and Ruppel (2007) . The fracture samples are hosted by either the lenticular carbonate concretions from the uppermost Lower Barnett (Fig. 5C ) or by the Forestburg shaly limestones intercalated between the Lower and the Upper Barnett (Fig. 5D ). The fractures are steeply dipping to vertical and bedding is horizontal. In the Forestburg Limestone the fractures are vertically continuous over several dm, whereas in the concretions they are confined within carbonate lenses up to 5 cm thick. The samples collected for this study are described in Table 1 . The core is not oriented, and although the dominant fracture set in the region established in the nearby Mitchell Energy 2 T.P. Sims core is NE-SW, Gale et al., (2007) demonstrated that there are two non-parallel (interfracture angle 20-30°), calcite-filled fracture sets in the Forestburg Limestone in the Blakely core, speculating that these might be related to the two broadly north-south trending sets seen in dolostones in the T.P. Sims core.
In any case the orientation of the fractures in the Blakely core is not known. Gale et al. (2007) noted a range of apertures of <0.05-0.95 mm and height up to 68 cm for fractures in the Forestburg.
Thin section Petrography

San Saba quarry and Well A core samples
In the samples from the San Saba quarry and the Well A core three main types of sealed fractures were petrographically distinguished (Fig. 6 ). These are: 1) Fractures filled by fibrous to granular calcite ( Fig. 6A ). They are mostly less than 300 µm thick and propagate through the sample only for a few cm. They have a ptygmatic form (Ramsay and Huber, 1987) , with axial planes lying broadly in the plane of bedding. In some places limbs are disconnected at bedding planes.
2) Fractures filled by either granular or blocky calcite crystals. Locally, when hosted by facies rich in siliceous organisms (sponges, radiolarians) a microcrystalline silica phase pre-dates the calcite in the fracture (Fig. 6B ). These calcite-filled fractures display a sharp contact with the host rock and a uniform and dull red CL color ( Fig. 6C and D).
3) The gypsum-filled fractures from the San Saba quarry (Fig. 4C ) consist of fibrous crystals locally with an antitaxial arrangement ( Fig. 6E and F), suggesting that they formed under dilation contemporaneous with mineral precipitation.
The calcite-filled fractures with ptygmatic folds (Fig. 6A ) are interpreted as being formed in still not fully compacted sediments during shallow burial. In this case the competence contrast between the filled fracture (calcite) and the host rock would have been very high, in keeping with formation of ptygmatic folds (Ramsay and Huber, 1987) . These fractures could not be further investigated by FI microthermometry owing to the small crystal size.
The calcite-filled fractures with planar, sharp geometries ( Fig. 6B and C) are interpreted as being formed during burial, after the main phase of mechanical compaction. The dull red uniform CL of this calcite is interpreted as typical of burial phases (Grover and Read, 1983; Dorobek, 1987) . Dull luminescence occurs where reduced (bivalent) Mn and Fe are both present in the fluid and uniform; unzoned CL also points to relatively stable fluid composition during mineral growth. Minor microcrystalline silica ( Fig. 6B ), predating some of the calcite, likely derived from diagenetic remobilization from the silica-rich host sediments (Hesse 1990; DeMaster 2004 ).
The gypsum fractures in outcrop (Fig. 4C, 6A and B) were formed possibly during the uplift and consequent erosion of the overlying succession. Indeed, erosional unroofing and consequent pressure release are known to induce diffuse fracturing of sedimentary piles (Haxby and Turcotte, 1976; Xu et al., 2011) . Circulation of oxidizing fluids through the pyrite-bearing shales can result in precipitation of gypsum because when pyrite is oxidized, SO 4 2-is liberated and can react with calcium carbonates to precipitate sulphates (Joeckel et al., 2005) . The dominance of low-angle gypsum fractures ( Fig. 4C ) is consistent with formation at shallow depth, where vertical stress due to overburden is low. Finally, the gypsum fractures were not recorded in any of the studied cores from the sub-surface, this suggesting an origin by pressure release during uplift, which could be recorded only in the southernmost part of the basin.
Blakely core samples
Different fracture sealing cements were petrographically distinguished based on crystal habit, growth features, as well as CL and UV-light features. This approach allowed separation of the sealed fractures into four different types.
1) Fractures with ptygmatic folds were recognized also in the Blakely core samples. The fold envelopes are mainly oriented perpendicular to the bedding and taper towards the tips (Fig.   7A ). They share similar petrographic features with those recorded in the two other locations (Fig. 6A) , suggesting an origin from early mechanical compaction within not fully cemented sediments (Ramsay and Huber, 1987) . Locally, calcite is fibrous with antitaxial growth, suggesting that fracture opening and mineral precipitation occurred simultaneously.
2) Sub-vertical planar fractures with sharp contacts between the sealing calcite and the host rock are common. Different calcite textures are represented within the fracture, forming bands parallel to each other and the fracture walls ( opening events progressively sealed by calcite (crack-seal textures; Ramsay, 1980; Laubach, 2003) . The calcite cement may therefore be considered as synkinematic, since crack-seal textures form as cement precipitates during progressive fracture widening. Calcite was slightly post-dated by or co-precipitated with pseudo-octahedric pyrite crystals possibly derived from remobilization of the syn-sedimentary framboidal pyrite which may be abundant in the Barnett Shale.
3) A third group of fractures contain large, non-fluorescent and non-luminescent macroquartz (equant to elongated crystals larger than 20 µm) with abundant trails of fluids inclusions (Fig.   7C ). The contact with the host may be lined by sub-euhedral pyrite crystals. Framboidal to euheudral smaller pyrite crystals are also found scattered within the host rock (Fig. 7D) . 7E ). In many crystals highly green fluorescing spots are observed, representing trapped hydrocarbon FIs (Fig. 7F ). Type 5. These are both sub-horizontal to low angle and sub-vertical to high angle fractures sealed by gypsum, with the sub-horizontal to low angle orientation being the most common (Fig. 4C ). They are filled by fibrous gypsum crystals, locally showing antitaxial texture ( Fig.   6E and F) and occur only in siliceous mudstone samples from the San Saba outcrop. Laubach (2003) showed that fracture sealing characteristics are commonly size-dependent.
Synthesis of the macroscopic and petrographic observations
Interpretations of differences in cement texture and composition must therefore be referenced to size. In this study the aperture sizes of the fractures from the five types (Table 1) are broadly comparable. The variations in cement petrography described in this section therefore suggest different fracture types rather than variations due to different size fractions of a single
population. This hypothesis was tested using stable isotope geochemistry and fluid inclusion analysis of fracture cements.
Geochemistry and Fluid Inclusion (FI) study
The results of FI microthermometry and isotope geochemistry for the different fracture sealing phases are reported in Table 2 . Figure 8 illustrates the δ 18 Ο and δ 
Samples from San Saba quarry and Well A core
Burial calcites sealing Type 2 fractures from the San Saba quarry (Fig. 4B) were not suitable for FI microthermometry, the crystals being too small and turbid. In the clearer crystals only monophase aqueous FIs were observed, suggesting precipitation temperatures below 50-60 °C (Goldstein and Reynolds, 1994) . The calcite δ 18 O varies between -5.1 and -5.8 ‰, whereas δ 13 C is between -3.6 and -6.8 ‰.
Also the burial calcites sealing Type 2 fractures collected from Well A core ( Fig. 6B and C) contain aqueous and monophase FIs. In some crystals primary monophase FIs were overheated to temperatures above 150 °C to induce stretching and artificial nucleation of a vapor bubble. Melting temperatures of ice (Tm i ) could be measured on 15 stretched bi-phase FIs and suggested salinities of the calcite parent fluid between 4.0 and 5.2 wt % NaCl eq., therefore corresponding to slightly modified seawater. The calcite δ 18 O is between -3.7 and -5.7 ‰, whereas δ 13 C is between -8.0 and -12.8 ‰.
Primary FIs were measured also in the massive carbonates from the Ellenburger Group of Well A core ( Fig. 5A and 9) . The results for dolomite crystals (planar-E and nonplanar C)
indicate homogenization temperatures (T h ) in the range 70 to 120 °C with a broad mode at 90-110 °C (Fig. 10A) . and -24 °C (Fig. 10C ), corresponding to salinities of 23-25 wt % NaCl eq.
The dolomitization of the basal Ellenburger Group is important because these carbonates represent some of the reservoirs of the West Texas and FWB petroleum systems (Lee and Friedman, 1987; Kupecz and Land, 1991; Dennie, 2010) . At the location of Well A core, the dolomitization likely occurred after the formation of the calcite-filled Type 2 fractures, at temperatures above 90-110 °C (T h represent only the FI minimum trapping temperatures).
The data from the FI study and isotope geochemistry were input into the Friedman and O'Neil (Fig. 11) . This suggests rather fluid-interaction processes in a closed system, with no contribution from external exotic or hydrothermal fluids.
A flow of hydrothermal fluid through the Ellenburger Group, generated by the Ouachita thrusting pushing hot brines into the basin, was invoked to explain the occurrence in these lithologies of: 1) saddle dolomite from 18 O-enriched fluids (Kupecz and Land, 1991) , 2) native copper (Bowker, 2003 ) and 3) sulphide ores precipitated from saline brines (Dennie, 2010) . The parent fluid of the Ellenburger dolomite from Well A core does not share geochemical features with these supposed hydrothermal ones, pointing instead to a "geothermal" dolomitization process (sensu Machel and Lonee, 2002) occurring during moderate burial (~3 km) of the succession from marine derived basinal fluids. A hydrothermal origin could be invoked only for the intercrystalline blocky calcite from the Ellenburger dolomite samples (Fig. 9 A and 10 B) that precipitated at temperatures (Fig. 10B) exceeding those of maximum burial from highly saline fluids (Fig. 10C) , like those reported in literature for carbonates of proved hydrothermal origin (Dennie, 2010) .
Type 2 calcites from outcrop and Well A samples display moderately negative δ 18 O and δ 13 C values (Fig. 8) , which fall in the same broad range recorded for the host rocks. The similarity between δ 13 C of the fracture calcites (precipitated from modified seawater) and the host rocks suggests rather low fluid-rock ratios and a buffer effect by the host rock isotope composition on the calcite composition.
Samples from Blakely core
According to the petrographic study, different types of sealed fractures exist in samples from the Blakely core (Fig. 7) . This was confirmed by the FI investigation. Type 1 shallow compaction fractures were not investigated as the calcite crystals were too microcrystalline.
Type 2 fractures
Bands of blocky calcite crystals may contain continuous FI-rich zones (Fig. 7B) . The FIs are primary, occurring within the cloudy bands of the crack-seal textures, in the crystal cores or along growth zones ( Fig. 12A and B (Fig. 12C ). This fact, together with the similarity of inclusions' petrography and behavior during microthermometry, suggests that the FIs displaying stable and metastable behavior belong to the same population. Tm i ranges between -3.4 and -5.0
with a mode at -5 °C, this corresponding to a salinity ranging between 5.6 and 7.9 wt % NaCl eq. (Fig. 12D) . These values are in the salinity range of slightly modified seawater having interacted with rocks during burial. FIs along trails display Tm i of -3.5 °C corresponding to salinity of 5.7 wt % NaCl eq., and are thus very similar to the primary FIs salinity. This similarity suggests that the micro-cracks hosting the FI trails formed during or shortly after the calcite crystal growth and were then sealed by fluids from the same system that precipitated the crystals. The calcite in Type 2 fractures displays δ 18 O and δ 13 C in the range -2.4 to -3.0 ‰ and 1.6 to 2.1 ‰, respectively. The δ 18 O composition of the calcite parent fluid was possibly in the range 1-3 ‰ SMOW (Fig. 11) 
Type 3 fractures
Multiple types of mono-and bi-phase FIs were recognized within the macroquartz crystals sealing Type 3 fracture: isolated and uniformly distributed (possibly primary), along pseudosecondary trails and along secondary trails (Fig. 13) . They show no fluorescence under UVlight. Oblate to elongated shapes dominate although rectangular and crystallographic controlled shapes are also observed.
In primary and pseudo-secondary assemblages both monophase and bi-phase During cooling runs both primary and pseudo-secondary FIs froze between -46 and -50 °C.
During re-heating a first liquid was observed on one inclusion at T<-20 °C. The ice final melting showed both stable and metastable behaviors. Tm i occurred between -2.9 and -5.6 °C with mode at -5 °C (Fig. 13D) corresponding to a salinity of 4.8 to 8.7 wt % NaCl eq. (mode is 8). The values point to basinal brines up to 3 times more saline than normal seawater.
In conclusion, compared to the calcite in Type 2 fractures, higher temperatures and salinities were recorded in the macroquartz from Type 3 fractures, which likely formed at greater depth from marine pore fluids having interacted longer time with the ambient rocks. According to this interpretation the system was still not in communication with external or exotic fluids.
Type 4 fractures
The Type 4 sealed fracture used for microthermometric analysis consists of two subsequent fracturing-sealing events (Fig. 14A) , the former given by clear and FI-poor calcite and the latter given by cloudy FI-rich blocky calcite crystals. Most FIs are bi-phase liquid-rich with negative crystal to squared shapes controlled by crystallographic growth directions and can be considered as primary. UV-light observation revealed that in most FIs the liquid phase is a green fluorescing oil ( Fig. 14C ) with 20-30 API (McLimans, 1987) .
High temperature measurements were conducted on primary oil FIs. They revealed a distribution of T h values betweeb 90 and 120 °C with mode around 110-120 °C (Fig. 14D ).
Aqueous fluid possibly coexisting with oil in these FIs could not be revealed during low temperature runs and correspondent salinity could not be determined. Coeval aqueous bi- 
Fracture paragenesis and reservoir property evolution
The fracture paragenesis reconstructed for the studied samples from the Blakely core (Fig. 15) is composed of successive diagenetic steps from 1 to 4. In the samples from the San Saba quarry (San Saba County) and the Well A core (Hamilton County) only the first two steps (early compaction Type 1 and crack-seal Type 2 calcite-filled fractures) were recorded. In the quarry samples late gypsum-filled fractures were also recognized ( In the Blakely core, the first step ( The second diagenetic step (Fig. 15) is represented by the formation of fractures filled with blocky calcite by a crack-seal mechanism indicating several fracture opening events followed by cementation (Type 2, Fig. 7B ). The geochemical analysis indicates precipitation from fluids cooler than 50-60 °C, with salinities between 5.6 and 7.9 wt % NaCl eq. (Fig. 12 ) and δ 18 O in the range 1-3 ‰ SMOW (Fig. 11) , possibly corresponding to connate seawater that became enriched in salts during water-rock interaction at depths. The vertical permeability enhancement associated with this fracturing event was not long-lasting as successive steps of fracture opening were followed by the precipitation of a new calcite band.
The third diagenetic step (Fig. 15) is given by the formation of fractures filled by pyrite, followed by macroquartz (Type 3, Fig. 7C and D) at temperatures above 90-100 °C. There is no control on crystal shape during fracture opening (antitaxial or crack-seal textures are not observed) and the quartz does not form bridges as described in some tight gas sandstones (e.g. Becker et al., 2010; Fall et al., 2012) . Rather, the quartz forms a continuous fill, overgrowing pyrite, although most of the quartz crystals display planes of pseudo-secondary inclusions.
( Fig. 13) . The pseudo-secondary inclusion planes may indicate limited syn-growth deformation, but the lack of extensive crack-seal texture suggests that quartz cement precipitation in these fractures occurred towards the end of fracture opening. The implication is that the quartz did not only precipitate into a passive, open fracture, but formed a complete seal towards the end of fracture opening, with a few crack-seal events, meaning there was just a temporary enhancement of vertical porosity.
The fourth diagenetic step is represented by two events: the former (4a in Fig. 15 ) was the migration of oil which followed organic matter maturation and the latter (4b in Fig. 15 ) was the formation of blocky calcite fractures (Type 4, Fig. 7E and F) possibly precipitating from fluids hotter than 110 °C (Fig. 14) and with δ 18 O higher than 3-4 ‰ SMOW (Fig. 11) , containing light oil (20-30 API) and suggesting the opening of the system to external fluids.
The creation or reactivation of this last fracture generation is therefore strictly related to organic matter maturation and hydrocarbon expulsion in the basin, a process known to induce pressure buildup (Ungerer et al., 1983; Law and Dickinson, 1985; Spencer, 1987; Barker, 1990; Burrus, et al., 1996; Fall et al., 2012) . These fractures may remain open in the centre, possibly causing a permanent vertical permeability enhancement.
Fracture timing and burial history (Blakely core)
The data on fracturing-sealing phenomena recorded from the Blakely core samples were used to estimate their timing with respect to the burial history of the basin, considering the precipitation of the fracture sealing minerals to be in thermal equilibrium with the host rock.
A burial curve for the Blakely core was extracted (Fig.16 ) from the 3D basin model reconstructed for the FWB (Moretti et al., 2012; Romero-Sarmiento et al., 2013) . Beside the compaction fractures (Type 1), formed during the early burial history, depth and timing of the three other fracture generations (Types 2, 3 and 4) was constrained by converting modal values of homogenization temperatures (Th) for the different sealing minerals into depth, according to a geothermal gradient of 30 °C/km (from Ball and Perry, 1996) . A geologically coherent maximum pressure correction in hydrostatic conditions could be added to these Th mode values in order to cover the full range of possible precipitation temperatures. For minerals sealing Type 2 and Type 3 fractures a maximum pressure correction of 15 °C could be applied. For the oil bearing calcite sealing Type 4 fracture the same approach cannot be used: a maximum pressure correction cannot be calculated as the composition of the oil is unknown and microthermometry data could not be acquired for coeval aqueous inclusions.
Here only minimum temperature and depth for fracture formation and sealing can be inferred.
Using this approach, fractures of Type 2 formed at a depth between 1800 and 2300 m during the Pennsylvanian time of fast subsidence and sedimentation (Fig. 16B ). This could correspond to the fast deposition of the overlying Bend Group and the onset of the Ouachita thrust compression causing rapid foredeep subsidence (Ewing, 2006) . In such settings disequilibrium compaction may generate overpressure, which may cause fracturing (i.e.
Osborne and Swarbrick, 1997).
The quartz in Type 3 fracture formed between 3100 and 3600 m of depth, during the Early Permian (Fig. 16B) . The dominant quartz mineralogy suggests liberation of silica from clay diagenesis possibly from the smectite to illite transformation, whose reaction releases water
and SiO 2 and which may have also accounted for increased fluid pressure in the rocks (Freed and Peacor, 1989; Van de Kamp, 2008) .
For Type 4 calcite-filled fractures it can be inferred only that they formed deeper than 3900 m ( Fig. 16B ) and were pre-dated by organic matter maturation and light oil (20-30 API) migration, as witnessed by the presence of primary oil inclusions within the calcite crystals (Fig. 16B ). These data are in line with the timing and depths inferred for the main Barnett oil generation phase during the Permian time (Montgomery et al., 2005; Ewing, 2006) .
Recent studies of sealed fractures within the Barnett Shale of the Delaware Basin, in west
Texas, revealed four different fracturing-sealing events . Here the Barnett succession is from a mature area (maximum burial is more than 4500 m) and experienced multiple episodes of overpressuring (Sinclair, 2007) . Beside early compacted fractures, the timing and the type of sealing minerals of the later fractures are different from those of the Blakely core. In the Delaware basin most late fractures are cemented by quartz and/or barite, oil inclusions are blue fluorescing, this indicating lighter API, and secondary oil cracking to gas was also recorded. It is interesting to note that the second diagenetic step (Fig. 15 and 16) corresponding to crack-seal calcite-filled fractures generated during disequilibrium compaction (Type 2) was not recorded in the Barnett Shale from the Delaware Basin . The second fracturing event reported by these authors consists of several subhorizontal and irregular barite filled fractures with hydrocarbons (blue UV-color) formed at temperatures between 80 and 180 °C (depths between 2200 and 3500 m).
It could be argued in both cases that the burial history reconstructions from the cores are subject to error, and that because the fractures are mostly sub-vertical there is little chance of intersecting all the fracture generations present in a single vertical well core. However, the differences recorded between the two basins could also arise from differences in maximum burial depths, sedimentation and subsidence rates, compressive stress due to the proximity of fold-and thrust-belts and the deformation response to these factors, as well as the type of organic matter. Indeed, depending on the kerogen composition catagenesis may occur at different temperatures thus causing differential timing in hydrocarbon generation and consequent fracturing (i.e. Sinclair, 2007; Ali, 2009 ).
Implication for basin modeling
Petroleum system analysis is performed using basin modeling software that provide numerical methods to reconstruct the past geometry and the thermal history of a sedimentary basin (Ungerer et al., 1990) . According to the type and quantity of organic matter in the source rocks, the timing, type and amount of hydrocarbons generated, expelled, migrated and trapped in reservoir rocks have to be computed (Béhar and Jarvie, 2013) . For shale gas resources assessment basin models can be used to quantify the amount of gas in place. Performing this task means computing the non-expelled part of generated hydrocarbons in the source rock, which is partly stored as adsorbed molecules. Implementation of adsorption processes has recently been integrated in basin modeling workflows (Romero-Sarmiento et al., 2013 ) using the FWB case study. However, prediction of pressure build up and fracturing related to overpressure remains a challenge for basin modeling and requires calibration of specific porosity-permeability laws for low permeability shales. For such lithologies there is no similar relationship to the Kozeny-Carman law used for granular materials (Ungerer et al., 1990) . Indeed the mathematical formulation of the rock porosity-permeability relationships must be properly calibrated on the basis of background data such as laboratory experiments on shaly rock samples (Yang and Aplin, 2010) .
When fracturing occurs, important changes may result in the bulk rock reservoir properties:
the development of fracture porosity and permeability has to be taken into account at the basin scale, as it may turn a closed system into an open one that will remain active until mineral precipitation seals the fractures.
Knowledge of the timing for the successive fracturing events and associated overpressures that occurred in the Barnett Shale during the burial history together with knowledge of the fluid types involved in fracture sealing, bring crucial constraints for validation of geological scenarios for the FWB evolution using the TemisFlow integrated basin modeling application.
In a complementary work phase (Sassi et al., 2013 ) the prediction of overpressure generation and the impact of fracturing has been discussed by making use of the findings of this study.
Temperature and pressure conditions prevailing for each event of the fracture paragenesis had to be retrieved in the modeled burial history of the FWB, in which these physical quantities were computed numerically. The key issue here was to highlight how the permeability law of Yang and Aplin (2010) , dedicated to mudstone and depending on the relative amount of clay content, could predict two out of the five identified overpressure-fracturing events, in comparison to one overpressure-fracturing event when adopting the Kozeny-Carman law. The mudstone porosity-permeability law clearly predicts the overpressuring and corresponding fracturing events related to disequilibrium compaction (Type 2 fractures) and hydrocarbon generation (Type 4 fracture). The petrographic and geochemical characterization of sealed fractures could thus facilitate understanding of basin-scale geological evolution and the distribution and evolution of physical quantities (such as porosity and permeability) and thereby provide an improved methodology to study the impact of fluid pressure and fracturing on the distribution of ultimate gas in place within the Barnett source rock. Vertical sealed fractures possibly due to Pennsylvanian sedimentation (Type 2) and clay diagenesis (Type 3) suggest overpressuring events with only a temporary increase in vertical permeability before hydrocarbon generation and consequent fracturing occurred (Type 4).
Conclusions
Differences are highlighted between the timing and thermal regimes under which fractures formed in Barnett lithologies experiencing different burial histories, this suggesting that extrapolation of outcrop observations to subsurface must be used with due care.
The Barnett fracturing-sealing history reconstructed from the Fort Worth Basin (this study) differs from the one reconstructed for the Delaware Basin suggesting that differences in maximum burial depths, proximity with thrust fronts and type and distribution of the organic matter within the sediments are among the parameters which could explain the differences recorded between these two basins.
This study on natural fractures furnished relative timing of fracture-sealing episodes in terms of depth and temperature. This information may be instrumental in allowing basin modeling applications to assign more realistic information on shale permeability evolution through time and to study the impact of fracturing on the remaining gas in place in the source rock. 
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